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Most calmodulin (CaM) in apo and Ca2+-bound states show a dumb-bell-like structure, involving the
N- and C-terminal domains, connected with a ﬂexible linker. However, Ca2+-bound yeast calmodulin
(yCaM) takes on a unique globular structure; the target-binding site of this protein is autoinhibited.
We applied NMR relaxation dispersion experiments to yCaM in the Ca2+-bound state. The amide 15N
and 1HN relaxation dispersion proﬁles indicated the presence of conformational dynamics for spe-
ciﬁc residues at the interface between the N- and C-terminal domains. We conclude that these con-
formational dynamics were derived from the mobility of the C-terminal domain.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Calmodulin (CaM) is a Ca2+-signaling protein that binds to a
wide variety of target proteins in response to changes in intracel-
lular Ca2+ levels. CaM consists of two globular domains, each com-
prising two EF-hand motifs and a ﬂexible linker [1,2]. A pair of
Ca2+-binding sites is located on each globular domain. The EF-hand
motifs are referred to as EF1, EF2, EF3, and EF4, numbered from the
N-terminus; thus, CaM can bind a total of four Ca2+-ions.
CaM is a highly conserved protein ubiquitously expressed in
eukaryotic cells. The amino acid sequences of CaM isoforms from
vertebrates, Drosophila, and scallops are nearly identical, with
sequence identities of more than 90%. The amino acid sequence
of the yeast Saccharomyces cerevisiae CaM (yCaM), however, shares
only approximately 60% identity with vertebrate CaM. This
sequence difference confers unique properties to yCaM. The most
distinguishing characteristic of yCaM is the lack of Ca2+afﬁnity of
the fourth EF-hand motif. Earlier work has shown that, because
of the substitution of highly conserved Asp and Glu residues in
EF4 of yCaM, EF4 lacks Ca2+-binding ability, and hence, yCaM can
bind only three Ca2+-ions per molecule [3].
Recently, we have determined the solution structures of yCaM
in the Ca2+-bound form, as well as in a complex with a targetchemical Societies. Published by E
Ogura).peptide derived from calcineurin A1, by using nuclear magnetic
resonance (NMR) spectroscopy [4]. In the Ca2+-bound state, sur-
prisingly, the EF1, EF2, and EF3 regions of yCaM showed a compact
globular form, while the EF4 region presented a disordered confor-
mation. The globular structure, consisting of the EF1, EF2, and EF3
regions, was conﬁrmed by small angle X-ray scattering (SAXS)
experiments, as well as by NMR spectral comparison of the full-
length yCaM with an EF4-truncation mutant. The unique structure
of the Ca2+-bound yCaM, which retained the EF1, EF2, and EF3 re-
gions, but not the EF4 region, is probably related to Ca2+-mediated
signal transduction in yeast. However, the functional consequences
of the compact structure of the EF1–3 regions and the disordered
conformation of the EF4 region of Ca2+-bound yCaM are elusive.
Here, we describe an NMR relaxation dispersion study aimed at
probing the conformational dynamics of Ca2+-bound yCaM. NMR
relaxation dispersion techniques are powerful tools for studying
conformational dynamics or structural changes of proteins on
microsecond–millisecond time-scales. Our NMR relaxation disper-
sion analyses of Ca2+-bound yCaM and a mutant of this protein
revealed the backbone conformational dynamics of residues in
the EF1, EF2, and EF3 regions, especially those located in the
interface between the N-terminal domain (EF1 and EF2) and the
C-terminal domain (EF3). Moreover, we inferred structural proper-
ties for the EF3 region in its minor structural state by comparing
the chemical shifts of amide 15N and 1H with those of the EF3
fragment in its Ca2+-bound and free states.lsevier B.V. All rights reserved.
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2.1. Sample preparation
For NMR measurements, the EF4-deletion mutant of yCaM,
comprising the regions of EF1–3 [referred to as yCaM(1–120)],
was prepared as described previously [4]. Brieﬂy, a uniformly
15N, 2H-labeled yCaM(1–120) protein, fused to a His6 tag, was ex-
pressed in the Escherichia coli BL21 Star (DE3) strain (Life Technol-
ogies, Carlsbad, CA, USA) that was grown in MPmedium containing
15NH4Cl (2 g/l), 2H-labeled glucose (4 g/l), and 2H2O (99.8% atom of
2H). yCaM(1–120) was puriﬁed using a Ni–NTA afﬁnity resin (Qia-
gen, Hilden, Germany) and a Superdex75 gel-ﬁltration column (GE
Healthcare Life Sciences, Little Chalfont, UK), and concentrated to
approximately 1.0 mM. A vector for expressing the yCaM(1–120)
mutant containing the Leu18Cys and Leu109Cys amino acid substi-
tutions (yCaM(1–120)L18C/L109C) was prepared using a Quik-
Change site-directed mutagenesis kit (Agilent Technologies, Santa
Clara, CA, USA).
DNA encoding the yCaM(78–120) fragment, corresponding to
the EF3 region, was cloned into a modiﬁed version of the pET21d
(Merck, Darmstadt, Germany), creating a fusion protein consisting
of an N-terminal His6 tag followed by a GB1 domain, a PreScission
Protease cleavage site, followed by yCaM(78–120). Proteins were
expressed in E. coli BL21 Star (DE3) cells.
For the preparation of 13C/15N-labeled proteins, cells were
grown in MP medium containing 15NH4Cl (2 g/l) and 13C-labeled
glucose (4 g/l) at 37 C. Protein expression was induced at an
OD600 of 0.7 by the addition of isopropyl-1-thio-b-galactopyrano-
side to a ﬁnal concentration of 0.1 mM, at 20 C. The induced cells
were cultured at 20 C for 16 h. For preparation of yCaM(78–120)
fragment, the disrupted cell lysate was subjected to afﬁnity
chromatography using a Ni–NTA resin. The eluted fractions were
incubated for 12 h at 4 C with PreScission Protease (GE Healthcare
Life Sciences, Little Chalfont, UK) to cleave the fusion protein.
His6-tagged GB1 was then removed on a second Ni–NTA column.
Finally, the isolated yCaM(78–120) was puriﬁed by gel ﬁltration
on a Superdex 75 column.
2.2. NMR relaxation dispersion measurements for Ca2+-bound
yCaM(1–120) and the mutant
The NMR samples were prepared in 20 mM MES–NaOH buffer
(pH 6.5), 150 mM NaCl, and 10 mM CaCl2 in 90% H2O. Relaxation
dispersion proﬁles of 15N and 1HN were recorded using relaxa-
tion-compensated CPMG pulse sequences [5–7] at 25 C (carefully
corrected by the chemical shifts of ethylene glycol) on Varian Ino-
va 800 and 600 NMR spectrometers equipped with room-temper-
ature probes. Two-dimensional 1H–15N-correlated spectra were
collected as a series of data sets with CPMG frequencies (mCPMG)
of 50, 100, 150, 200, 250, 300, 400, 500, 600, 800, and 1000 Hz
for 15N, and 50, 100, 150, 200, 250, 350, 500, 750, 1000, 1250,
1500, and 2000 Hz for 1HN, respectively. A constant-time relaxa-
tion delay TCP was set to 40 ms for both experiments. Spectra
were recorded as 200  600 complex points with a 2.5-s repeti-
tion delay and by using 8 scans for each increment. The total
experimental time was 27 h for 15N, and 29 h for 1HN, respec-
tively, on both 800 and 600 MHz spectrometers. Data sets were
processed with the NMRPipe/nmrDraw program suit [8], and
the peak intensities were quantiﬁed with the Sparky program
[9]. The transverse relaxation rates R2,eff for each of the mCPMG fre-
quencies were calculated as R2,eff = ln (I(mCPMG)/I0)/TCP, where
I(mCPMG) is the peak intensity obtained for a given value of mCPMG,
and I0 is the peak intensity obtained when the CPMG block is
omitted. The uncertainties, rI, associated with the peak intensi-








 2 !1=22.3. Fitting calculation for relaxation dispersion data
15N and 1HN relaxation data obtained for Ca2+-bound yCaM(1–
120) from the two static ﬁelds (18.8 and 14.1 T) were numerically
ﬁt by using an in-house program written in Mathematica 7, which
has been described previously [10]. Brieﬂy, the theoretical function
R2,calc used to ﬁt a two-state (A and B) exchange model, was as
follows:
R2;calc ¼  12nsCP ln
MAð2nsCPÞ
MAð0Þ ;
where TCP = 2nsCP with 2n refocusing pulses separated by delays
of sCP within the TCP period, the magnetization vector
M(t) = (MA(t), MB(t))T, and M(2nsCP), with the evolution matrices
A and A⁄ as






A ¼ R2A  kAB kBA
kAB R2B  kBA þ iDxAB
 
A ¼ R2A  kAB kBA
kAB R2B  kBA  iDxAB
 
;
where kAB and kBA are the rate constants for A to B and B to A tran-
sitions, respectively, Dx is the frequency difference between the A
and B states, and R2A and R2B are the transverse relaxation rate con-
stants (assuming that R2A = R2B = R20). The error function for the







Initially, data for 19 residues for 15N (59 for 1HN; out of data avail-
able for 102 residues) were selected based on the relatively large
dispersion proﬁles of their relaxation curves. To determine the
global kinetic parameters kex (=kAB + kBA) and Pa (=kBA/(kAB + kBA)), a
cycle consisting of the selected residue-speciﬁc ﬁts for Dx and
R20, followed by a global ﬁt for the kinetic parameters, was re-
peated until the total v2 value was reduced in size. Finally, the
Dx and R20 values for each of the 102 residues were ﬁt, keeping
the calculated kinetic parameters ﬁxed. Errors associated with
the parameters used in the ﬁts were estimated by Monte Carlo
simulations. The ﬁtted chemical shift differences (DxN and DxH),
with errors and v2 values for each residue, are summarized in
Supplemental Table S1.
To determine the signs of DxH, NMR measurements of relaxa-
tion dispersion for 15N/2H-labeled Ca2+-bound yCaM(1–120) were
performed at 25 C, using TROSY-based 1H–15N zero-quantum
(ZQ) and double-quantum (DQ) CPMG pulse sequences [11] on a
Varian Inova 600 NMR spectrometer. Two-dimensional 1H–15N-
correlated spectra were collected as series of data sets with CPMG
frequencies of 50, 100, 200, 300, 400, 500, 600, 800, and 1000 Hz
for ZQ and DQ experiments. A constant-time relaxation delay,
TCP, was set to 40 ms. Spectra were recorded as 200  600 complex
points, with a 2.5-s repetition delay and by using 8 scans for each
increment. The total experimental time was 24 h for each coherent
pathway.
Table 1
15N and 1HN exchange parameters for Ca2+-bound yCaM(1–120) at 25 C.
kex (s1) Pa
15N 247.577 ± 30.350 0.903 ± 0.007
1HN 278.682 ± 17.986 0.904 ± 0.004
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120) mutant and yCaM(78–120) fragment
NMR measurements for backbone 1HN, 13C, and 15N resonance
assignments of the Ca2+-bound yCaM(1–120)L18C/L109C mutant
and the yCaM(78–120) fragment were run on a Varian Inova
600 MHz NMR spectrometer at 25 C and on a Varian Inova
500 MHz NMR spectrometer at 35 C, respectively. The following
experiments were run: 2D 1H-15N HSQC, 2D 1H–13C HSQC, 3D
HNCO, 3D HN(CO)CA, 3D HNCA, 3D CBCA(CO)NH, 3D HNCACB,
3D HBHA(CBCACO)NH, and 3D HN(CA)HA. Spectral analysis and
sequential assignments were performed with the Sparky and Paces
[12] programs. The assigned chemical shifts of 15N and 1HN for the
apo and the Ca2+-bound yCaM(78–120) fragment are summarized
in Supplemental Table S2.
3. Results and discussion
3.1. Relaxation dispersion analysis of Ca2+-bound yCaM
A uniformly 15N- and 2H-labeled sample of Ca2+-bound
yCaM(1–120) was subjected to 15N and 1HN relaxation dispersion
experiments. Fig. 1 shows the various curves of 15N and 1HN disper-
sion proﬁles for Ca2+-bound yCaM(1–120) recorded at static mag-
netic ﬁelds (18.8 and 14.1 T) and 25 C. Signiﬁcant dispersion for
Val91, Phe92, Asp93, Lys94, Asn95, and Leu99 could be observed,
whereas none was visible for Gly96 and Gly98. To extract exchange
parameters, 15N and 1HN relaxation dispersion data of 109 residues
were separately ﬁt to two-state exchange models, so that the glo-
bal parameters kex and Pa could be extracted with absolute values
of chemical shift differences between two states, DxN and DxH,
which are speciﬁc for each residue (Supplemental Table S1). The
ﬁts revealed an exchange process, at a rate of ca. 250 s1 betweenFig. 1. Representative amide 15N and 1HN single-quantum relaxation dispersion proﬁles f
of 18.8 T (blue) and 14.1 T (red), are shown.two states, with 90% population of the major state (Table 1).
Intriguingly, the exchange parameters, which were independently
obtained from 15N and 1HN dispersion data, showed similar values
of kex and Pa. This result supported the validity of both the exper-
iments and the analysis.
To identify the residues exposed to conformational exchange on
Ca2+-bound yCaM(1–120), the values of normalized Dx, which is
deﬁned as ((DxN/5)2 + (DxH)2)1/2, were plotted as functions of
the amino acid sequence in Fig. 2a. Whereas most normalized
Dx values were less than 0.2 ppm, the residues Phe16, Met72,
Glu84, Asp93, Ala102, Leu105, His107, and Thr110, which are
mainly located in the EF3 region, showed normalized Dx values
signiﬁcantly larger than 0.25 ppm. Moreover, residues showing
intermediate Dx values (0.1–0.2 ppm) were distributed through-
out the EF3 region, as well as in a small section of the EF1 region.
Although Dx values were not particularly large, this result showed
that the EF3 region experiences relatively large conformational ex-
changes between the major and minor states than do the EF1 and
EF2 regions of Ca2+-bound yCaM(1–120). The Dx values were
mapped onto the previously reported structure of Ca2+-bound
yCaM(1–120) (Fig. 2b) [4]. This revealed that residues showing
large Dx values were localized on the interacting surface between
the N-terminal domain (EF1 and EF2) and the EF3 region. This
result suggested that the dynamic conformational exchange oc-
curred around the EF3 region.rom Val91 to Leu99 of Ca2+-bound yCaM(1–120), recorded at a static magnetic ﬁeld
Fig. 2. (a) Normalized chemical shift differences plotted as functions of amino acid sequence for Ca2+-bound yCaM(1–120), where values of normalized Dx is deﬁned as
((DxN/5)2 + (DxH)2)1/2. The bars corresponding to residues in EF1 (residues 6–42), EF2 (residues 43–78), and EF3 (residues 79–115) are colored blue, green, and orange,
respectively. Selected residues (Dx > 0.25 ppm) are indicated using the one-letter amino acid code. (b) Ribbon diagram depicting the chemical shift difference between the
major and minor states in Ca2+-bound yCaM(1–120). The EF1, EF2, and EF3 regions are colored cyan, green, and yellow, respectively. Calcium ions are colored magenta.
Residues are indicated by color gradation according to values of Dx (0.3 ppm as red, and basal color corresponding to no change in chemical shift). Selected residues
(Dx > 0.25 ppm) are indicated using the one-letter amino acid code. The structure was drawn using PyMol (http://www.pymol.org).
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mutant
To verify that the conformational exchange involved the EF3 re-
gion, we generated a disulﬁde mutant, in which the orientation of
the EF3 region toward the EF1–2 regions was ﬁxed. Based on theFig. 3. (a) Cartoon diagram of Ca2+-bound yCaM(1–120). Side chain atoms of mutational
atoms of Phe16, Met72, Asp93, Lys106, and Thr110, showing relatively large relaxation di
proﬁles of residues Phe16 (4), Met72 (j), Asp93 (h), Lys106 (s), and Thr110 (d) (b)
mutant are plotted.NMR structure of the Ca2+-bound yCaM(1–120) [4], we chose res-
idues Leu18 and Leu109 as the mutational candidates. The distance
of 4.6 Å between the Cb atoms of these leucine residues was
sufﬁcient to allow formation of a disulﬁde bond when cysteine res-
idues were used to replace both leucine residues (Fig. 3a). The 15N-
labeled yCaM(1–120)L18C/L109C mutant was thus prepared andcandidates, Leu18 and Leu109, are represented using a stick model. Amide nitrogen
spersion proﬁles, are represented using a sphere model. In (b) and (c), 15N relaxation
for Ca2+-bound yCaM(1–120) and (c) for the Ca2+-bound yCaM(1–120)L18C/L109C
Fig. 4. 1H–15N HSQC spectra of the yCaM(78–120) fragment in the (a) apo and (b) Ca2+-bound forms. Peaks of the main chain amide are labeled with their assignments. (c and
d) Correlations between chemical shifts of the minor state, which were obtained from the relaxation dispersion data of Ca2+-bound yCaM(1–120), and directly observed
chemical shifts of the yCaM(78–120) fragment in apo (h) and Ca2+-bound (d) forms for 15N and 1HN, respectively. In (d), the 1HN chemical shift of Gly98, obtained using CPMG
experiments, is indicated by a broken line.
2552 K. Ogura et al. / FEBS Letters 586 (2012) 2548–2554subjected to 15N relaxation dispersion experiments. Formation of
the disulﬁde bond between Cys18 and Cys109 was conﬁrmed by
the chemical shifts of the Cb atoms (41.6 and 41.9 ppm, respec-
tively); there were no other cysteine residues in the yCaM(1–120).
Fig. 3b shows the 15N relaxation dispersion proﬁles of the Ca2+-
bound yCaM(1–120) for residues Phe16, Met72, Asp93, Lys106,
and Thr110. As described previously, these residues showed signif-
icant dispersion curves and large Dx values between the major
and minor states of the Ca2+-bound yCaM(1–120) (Fig. 3b). On
the other hand, introducing the disulﬁde bond in the L18C/L109C
mutant changed the dispersion curves into ﬂat proﬁles (Fig. 3c).
Fig. 3b and c clearly demonstrate that the minor state of the
Ca2+-bound yCaM(1–120) disappears when a disulﬁde bond is
introduced between the EF1 and EF3 regions. This ﬁnding indicates
that the conformational exchange of the Ca2+-bound yCaM(1–120)
derives from the displacement of the EF3 region on the interactingsurface of the N-terminal domain (EF1–2 regions). In the activated
state of yCaM, the autoinhibition of the N-terminal domain, which
is maintained by the EF3 region, must be released when a target-
peptide approaches the interaction site on yCaM. Therefore, the
EF3 region of Ca2+-bound yCaM takes on a transient, rather than
a rigid structure.
3.3. Inferring the structural properties of EF3 region in the minor state
To infer the structural properties of the EF3 region in the minor
state, we compared the 15N and 1HN chemical shifts obtained dur-
ing the CPMG experiments and the directly measured values of the
EF3 region in the Ca2+-free (apo) state and Ca2+-bound state.
Although the apo yCaM(1–120) would have been preferable for
chemical shift comparison, this protein aggregated extensively in
the concentration range used for NMR experiments. Therefore,
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shift values.
First, the signs of DxN for residues 78–120 in Ca2+-bound
yCaM(1–120) were obtained by comparing the peak positions of
the major state in a pair of HSQC/HMQC spectra recorded at 18.8
T, based on the premise that the peak of the major state in a HSQC
is slightly shifted to the position of the minor state in a HMQC
spectrum [13]. Additionally, information about the signs of DxH
for the residues 78–120 of Ca2+-bound yCaM(1–120) was also ob-
tained by comparing the dispersion proﬁles of 1H–15N ZQ and DQ
CPMG experiments. Since the signs of DxN were known, we could
obtain the signs of DxH by using the relationship between the rel-
ative intensities of the ZQ and DQ dispersion proﬁles and the rela-
tive signs of DxNDxH [14]. The signs of DxN and DxH for the
residues 78–120 of Ca2+-bound yCaM(1–120) are summarized in
Supplemental Table S1.
Second, we assigned the backbone resonances for both the apo
and the Ca2+-bound yCaM(78–120) fragment, by using a suit of
standard triple resonance NMR experiments (Fig. 4 and Supple-
mental Table S2). As shown in Fig. 4a, all amide signals of
1H–15N HSQC spectrum for yCaM(78–120) fragment in apo form
were not well dispersed and were localized within a range of
7.8–8.6 ppm in the 1H dimension. This result indicated that the
yCaM(78–120) fragment does not take on a speciﬁc secondary
structure, but rather has a disordered conformation. Moreover, this
is consistent with the concept that an isolated EF-hand motif can-
not maintain a folded structure.
In the presence of Ca2+ ions, on the other hand, we could assign
only 25 residues out of 43 residues, because of the disappearance
of many amide signals. This phenomenon occurred due to a struc-
tural exchange of the EF-hand motif on an intermediate time-scale.
However, Gly98, which is located on the loop region connecting
the two a-helices that comprise the EF-hand motif, showed a
markedly large low-ﬁeld shift in the presence of Ca2+ ions. In early
studies of CaM using NMR spectroscopy, such a low-ﬁeld shift of
the glycine residue, located on the Ca2+-binding loop, was utilized
to assess whether the EF-hand binds a Ca2+ ion [15,16]. Similarly,
we concluded that the observed peaks of the yCaM(78–120) frag-
ment in the presence of Ca2+ ions represented the protein in the
Ca2+-bound state.
Finally, we compared the 15N and 1HN chemical shifts obtained
using the CPMG experiments and the directly measured values of
the EF3 region (Fig. 4c and d). Correlation plots of chemical shifts
for the yCaM(78–120) fragment in the apo and Ca2+-bound states
versus the chemical shifts obtained using the CPMG experiments
indicated that the chemical shift values of the minor state were
more similar to those of the Ca2+-bound states than to those of
the apo state (i.e., disordered conformation). Correlation coefﬁ-
cients of the plots for 15N (1HN) chemical shifts were 0.97 (0.92)
for Ca2+-bound yCaM(1–120). These values suggested that the
EF3 region in the minor state retains the Ca2+-bound form rather
than apo form.
This hypothesis regarding Ca2+-binding by the EF3 region in the
minor state is supported by the fact that the 1HN chemical shifts of
Gly98 (Fig. 4d) for the minor state (10.34 ppm) are very close to
that for the major state (10.30 ppm), or for the Ca2+-bound frag-
ment (10.44 ppm), and are very different to that for the apo frag-
ment (8.50 ppm; see Supplemental Tables S1 and S2). Moreover,
by ﬁtting the data derived from the 15N and 1HN CPMG experi-
ments, kex between the two states was determined to be ca.
250 s1. The off-rates of Ca2+ ions from vertebrate CaM molecules,
which have been experimentally investigated by various methods,
is known to be 10 s1 for the high-afﬁnity sites, and 500 s1 for the
low-afﬁnity sites [17,18]. For yCaM, however, the off-rates of Ca2+
have not been reported. From the present study, since the EF3
region in the minor form results neither in release of the Ca2+ ions,nor in unfolding to a disordered conformation, the off-rate of Ca2+
for the EF3 region was estimated as being less than 250 s1. Since
the exchange rate, kex, is higher than the off-rate of the Ca2+ ion,
once the Ca2+-bound yCaM changes conformation into the minor
state, the EF3 region will retain the Ca2+-bound form until the
yCaM returns to the major state.
4. Conclusion
We investigated the conformational dynamics of Ca2+-bound
yCaM using NMR relaxation dispersion methods. Our relaxation
dispersion experiments revealed the existence of a minor struc-
tural state (10%) and the exchange rate (250 s1) for Ca2+-bound
yCaM. The structural exchange around the EF3 region was veriﬁed
by a mutational study making use of a disulﬁde bond-mutant.
Comparing the chemical shift values obtained using relaxation dis-
persion with those derived by direct measurements revealed that
the EF3 region maintains the folded structure in the Ca2+-bound
form.
In the major state, Ca2+-bound yCaM has a compact globular
form; therefore, the target-binding site is autoinhibited by the
EF3 region. Such an autoinhibitory structure is a unique character-
istic of yCaM; however, it seems energetically unfavorable for tar-
get recognition. If Ca2+-bound yCaM maintained a rigid, closed
form at all times, the target peptide would not be able to approach
the interaction site on yCaM because of the steric hindrance pre-
sented by the EF3 region. The present study suggests that the con-
formational change between the major and minor states involves a
structural transition from the compact, ‘‘closed’’ form (major state)
to the ‘‘open’’ form (minor state) of the EF3 region. This proposal is
supported by the fact that the interacting surface between the N-
terminal domain and the EF3 region must be opened when yCaM
binds the target-peptide for yCaM. Thus, the presence of the minor,
‘‘open’’ form of Ca2+-bound yCaM is consistent with the molecular
function of yCaM. Further investigations, such as residual dipolar
coupling measurements combined with relaxation dispersion
experiments, are required to conclusively prove whether the minor
state of the EF3 region is in an open conformation or not.
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